Abstract. The asymmetric resonance response in thermally actuated piezoresistive cantilever sensors causes a need for optimization, taking parasitic actuation-sensing effects into account. In this work, two compensation methods based on Wheatstone bridge (WB) input voltage (V WB_in ) adjustment and reference circuit involvement were developed and investigated to diminish those unwanted coupling influences. In the first approach, V WB_in was increased, resulting in a higher current flowing through the WB piezoresistors as well as a temperature gradient reduction between the thermal actuator (heating resistor: HR) and the WB, which can consequently minimize the parasitic coupling. Nevertheless, increasing V WB_in (e.g., from 1 to 3.3 V) may also yield an unwanted increase in power consumption by more than 10 times. Therefore, a second compensation method was considered: i.e., a reference electronic circuit is integrated with the cantilever sensor. Here, an electronic reference circuit was developed, which mimics the frequency behavior of the parasitic coupling. By subtracting the output of this circuit from the output of the cantilever, the resonance response can thus be improved. Both simulated and measured data show optimized amplitude and phase characteristics around resonant frequencies of 190.17 and 202.32 kHz, respectively. With this phase optimization in place, a phase-locked-loop (PLL) based system can be used to track the resonant frequency in real time, even under changing conditions of temperature (T ) and relative humidity (RH), respectively. Finally, it is expected to enhance the sensitivity of such piezoresistive electro-thermal cantilever sensors under loading with any target analytes (e.g., particulate matter, gas, and humidity).
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A. Setiono et al.: Phase optimization of thermally actuated cantilever sensor al., 2013), or electrothermal (Chu et al., 2018) methods, in which the sensing mechanisms are based on capacitive (Pérez Sanjurjo et al., 2017) , piezoelectric (Sviličić et al., 2014) , or piezoresistive (Bertke et al., 2016) transductions. Nevertheless, unfavorable direct parasitic coupling due to resistive, capacitive, and thermal effects between the actuating and sensing components of MEMS resonators has been reported (Wasisto et al., 2015; Xu et al., 2018; Chu et al., 2018; Zuo et al., 2010; Bertke et al., 2017a) . The parasitic coupling effect of an in-plane thermally actuated silicon-based microcantilever is shown in Fig. 1a , in which the heating resistor (HR, actuating part) induces a direct thermal parasitic coupling to the Wheatstone bridge (WB, sensing part). Subsequently, the thermal parasitic coupling affects the output signal: amplitude (asymmetric) and phase (reversed), as shown in Fig. 1b . The expected amplitude and phase responses should be symmetric and monotonic, respectively, as demonstrated by the same piezoresistive cantilever resonator with an external piezoactuator (Fig. 1c) . The piezoelectric shear actuator resulted in an in-plane base point excitation of the cantilever with a very low direct coupling to the WB (i.e., a low parasitic effect). Hence, the optimize signal responses were obtained in this case (Fig. 1d) .
Mathematical approaches shown by Chu et al. (2018) indicate that de-embedding and post data processing have succeeded in revealing a symmetric amplitude shape from the measured asymmetric response of a MEMS resonator. The de-embedding method implements a mathematical model of parasitic parameters and then removes the parasitic characteristics from the overall measurement. Another mathematical model appropriate for de-embedding involves the use of the Fano resonance approach (Bertke et al., 2017a) , in which the quality factor (Q) and resonant frequency (f 0 ) are obtained by fitting the measured asymmetric resonance curve using mathematical models shown in Eqs. (1) and (2):
where f 0 , Q, A, q, g, H , and A 0 are center frequency, quality factor, amplitude, asymmetry factor, line width, and gain parameters, respectively. Furthermore, an offset proportional to frequency f is considered with a constant c. The proposed approaches are however still not feasible in fast tracking and real-time frequency measurement. Phaselocked-loop (PLL)-based systems have broadly been used to realize continuous online resonance tracking of resonant sensors (Wasisto et al., 2014 (Wasisto et al., , 2015 Toledo et al., 2016) . A PLL can be used to derive characteristic frequencies of a system by tracking a given phase difference between the input and output signals of the system. In the case of cantilever sensors, the resonance phase difference ideally is independent of the resonant frequency. Therefore, the resonant frequency can be monitored by tracking the resonance phase. When the measured phase reaches the desired phase difference, the output frequency of the PLL is interpreted as the resonance frequency. Here, the resonance phase becomes an essential parameter to lock the resonant frequency using PLL-based systems. Nevertheless, PLL systems do not function properly in thermally actuated cantilever sensors due to their reversed phase response. Resonance tracking cannot work in a reversed phase response because there is an ambiguity in the phase response, which subsequently leads to instability during the locking process of resonant frequency. Therefore, there is a need to develop a technique that can guarantee an utmost suppression of parasitic effects on the thermally actuated cantilever sensors. The developed technique is then expected to be able to obtain a symmetrical amplitude shape and optimize the phase characteristic without ambiguity in the phase response (monotonically decreasing). In this work, two methods of mitigating the asymmetric behavior in thermally actuated piezoresistive cantilever sensors are proposed (i.e., Wheatstone bridge (WB) input voltage (V WB_in ) adjustment and application (subtraction) of an external reference signal). These techniques are subsequently intended to expedite the locking procedure of resonant frequency based on the PLL mechanism.
Thermally actuated MEMS cantilever sensor
A thermally actuated piezoresistive silicon cantilever resonator ( Fig. 2a ) comprises two main parts (i.e., for mechanical actuation and electrical sensing, respectively), in which both are realized as diffused p-type silicon resistors (Fig. 2b) . Mechanical (thermal) actuation is obtained by applying an AC voltage V ac cos(ωt) superimposed to a DC voltage V dc on a heating resistor (HR), which is located at the clamped end of the cantilever. The resulting power loss (dissipation) P can be described as
where R is the resistance of HR, V dc and V ac are the DC and AC voltage amplitudes, respectively, and ω is the excitation frequency. This term will lead to the Joule heating effect (Wasisto et al., 2015; Brand et al., 2015) yielding a lateral temperature gradient around the HR, as shown in Fig. 2c . After a strain gradient has been induced, it will finally result in a cantilever bending in the lateral direction (in-plane mode). The DC component is necessary to have a large excitation amplitude at the excitation frequency ω (third term in Eq. 3). The response to this mechanical actuation is sensed by four piezoresistors configured in a U-shape WB, where this design has been adapted to the strain distribution at the cantilever top surface during lateral bending. Lastly, the electrical signal generated by the WB is amplified using an exter- nal instrumentation amplifier (Texas Instruments, INA217), as depicted in Fig. 2d .
As shown in finite element modeling (FEM, COMSOL Multiphysics 4.4b, cf. Fig. 2c ), the sensing piezoresistors near the heating resistor (i.e., R 1 and R 2 ) are exposed to more thermal heating than R 3 and R 4 . This parasitic thermal coupling, which is expected to result in an asymmetric response around resonance, can be described by
where T and λ are the temperature and a coupling factor, respectively. When using voltage supply, thermal coupling to the WB contributes to the output voltage of the WB (V WB_out ) according to
where V WB_in is the supply voltage of the WB, R = R i (i = 1, . . . , 4) is the resistance of the WB, π is the (effective) piezoresistive coefficient of the p-type silicon WB, and σ is the average stress acting on the cantilever surface at the position of the WB. Ideally, the WB output voltage (V WB_out ) should be linearly proportional only to the stress σ acting on the Wheatstone bridge, which is caused by the cantilever deflection. However, the temperature dependences of π and σ can cause additional parasitic effects on V WB_out according to
where π 0 and σ 0 represent the piezoresistive coefficient and the average stress, respectively, at zero temperature increase, i.e., the average temperature increase induced by HR at WB T = T − T 0 = 0. The temperature coefficients of piezoresistivity and thermal expansion are given by β and γ , respectively. Substituting Eqs. (6) and (7) in Eq. (5) results in
Based on Eq. (8), we can expect a nonlinear dependence of the WB output voltage on the temperature increase ( T ). Furthermore, temperature distribution across the WB is not uniform, but is biased towards the HR; i.e., resistors R 1 and R 2 are expected to be exposed to a higher T than R 3 and R 4 . Increasing V WB_in reduces T , while its absolute nonuniformity is only slightly lower, as will be shown below.
Wheatstone bridge adjustments
In principle, removing asymmetry from the resonance response of a MEMS-based resonator can be carried out by cancellation or minimization of the parasitic effects at the resonator output. In the first approach, the WB input voltage (V WB_in ) was gradually increased (from 1 to 3.3 V), thereby inducing an increasing heating effect on the WB. Consequently, the temperature gradient towards HR should reduce and finally eliminate the thermal parasitic coupling effect. We used FEM (COMSOL Multiphysics 4.4b; cf. Fig. 3 ) to show the temperature increase at the WB induced by increasing V WB_in from 1 to 3.3 V. As shown in this simulation, the voltages applied to HR (V HR = 5 V) and V WB_in generate the temperatures T 1 and T 2 , respectively. The resultant average temperature difference T = T 1 − T 2 due to V WB_in = 3.3 V amounts to 1.25 K, which is lower compared to the 2.23 K obtained for V WB_in = 1 V. Again, T 2 is not uniformly distributed at V WB_in = 3.3 V, as indicated by the deviation of T across the WB of ±0.480 K vs. ±0.493 K at V WB_in = 1 V. According to Eq. (8) and the reduced T , a smaller parasitic temperature coupling to the WB may be expected at V WB_in = 3.3 V, which was confirmed by the measurements shown in Fig. 4 , yielding a symmetric amplitude shape and a monotonic phase response. Accordingly, the phase difference shows a nearly ideal shape with a 90 • transition occurring at the frequency corresponding to the amplitude maximum.
However, compared to that of V WB_in = 1 V, the power consumption produced by V WB_in = 3.3 V is boosted by an order of magnitude. To relieve the need for such a large increase in V WB_in , an optimized design of the actuatingsensing components is necessary in such a way as to reduce the thermal coupling effect. Stationary FEM simulation delineated in Fig. 5b , c, and d shows that shifting HR away from WB yields a lower thermal distribution compared to the current design (Fig. 5a ) at otherwise equal operating conditions (i.e., V HR = 5 V and V WB_in = 1 V). Nevertheless, lower thermal distribution is followed by less total displacement (D t ) of the cantilever beam. In this simulation, total displacement changes from 17.79 to 15.95, 13.04, and 10.18 nm, respectively, resulted for distances of HR to WB of 33, 43, 58, and 73 µm. Correspondingly, redesigned cantilever structures will be fabricated and investigated in the near future. Therefore, as an alternative we proposed a second method that involves the subtraction of a reference from the sensor output signal.
Subtraction of reference signal
A reversed phase response often occurs simultaneously with an asymmetric amplitude shape, i.e., a Fano resonance. According to Bertke et al. (2017a) , a Fano resonance is yielded by mixing a discrete state (Lorentzian line shape) with a constant continuum background. Therefore, in order to obtain a symmetrical amplitude shape (Lorentzian line shape), elimination of the continuum background should be done by subtracting a corresponding characteristic. Simultaneously, the symmetrical amplitude shape should then be accompanied by a monotonic phase response.
In this study, amplitude and phase responses of a reference signal were subtracted from the outputs of the thermally actuated microcantilever as shown in Fig. 6 . The reference signal was created by an RCL (resistor, capacitor, and inductor) high-pass filter (HPF) with a cut-off frequency of ∼ 50 kHz. In this case, the RCL-HPF yields a small slope of both amplitude and phase responses corresponding to the frequency dependence of the baseline of the cantilever signal around the working frequency (i.e., ∼ 202 kHz). Hence, the RCL-HPF circuit was intended to generate and provide a suitable characteristic reference signal, which could then be subtracted from the cantilever signal. The variable resistors VR 1 and VR 2 were tuned to control the level of reference amplitude and phase responses, respectively. Furthermore, subtraction was performed using both negative and positive voltage input terminals of a lock-in amplifier (MFLI, Zurich Instruments). The positive (V+) and negative (V−) inputs of the lock-in amplifier were connected to the output signals of the cantilever and reference, respectively, and the resultant amplifier output voltage (V O ) was then determined internally in the MFLI lock-in amplifier.
In order to yield a symmetric line shape at the differential output, the amplitude and phase of the reference signal should be placed close to the out-of-resonance baselines of amplitude and phase of the thermally actuated microcantilever. Subtracting the reference signal from an asymmetric amplitude shape was simulated using LTspice, as depicted in Fig. 7 . From the simulation, it was found that the asymmetric amplitude response (Fig. 7a , open-red line) and the reversed phase response (Fig. 7b , open-blue line) of a circuit can be eliminated using a reference signal set close to the asymmetric baseline. These configurations result in a resonant signal with a symmetric amplitude shape about f 0 and the phase difference is 90 • as shown in Fig. 7c .
A mathematical model of polar and Cartesian equations was used to analyze the amplitude (A) and phase (ϕ) of a differential output [A, ϕ] . Polar equations noted by Eq. (9) represent the amplitude and phase responses of the sensor output (index "S") and the reference signal (index "R"). The polar form is then converted to the Cartesian form to obtain both sensor [x 1 , y 1 ] and reference [x 2 , y 2 ] signals, as expressed in Eqs. (10) and (11), respectively. Then, x and y components of a reference signal are subtracted from the sensor signal (Eq. 12). Finally, the amplitude of the differential output can be calculated by Eq. (13), while the phase response is calculated using Eq. (14): . 6 ). In the same frequency domain, the measured reference amplitude (solid red line) was observed to increase from ∼ 219.99 to ∼ 220.84 mV, whereas the phase response (solid blue line) decreases from ∼ 56.70 to ∼ 56.56 • . The observed changes in the amplitude (increment) and phase (decrement) of the reference signals are characteristic of an electronic filter, which, in the case of RCL-HPF, covers an extended phase range of 0 • < θ < 90 • and 90 • < θ < 180 • . Subtracting the reference from the sensor signal demonstrates a symmetric amplitude shape (Fig. 9a , solid red squares) and a monotonic phase response (solid blue squares, Fig. 9b ) in the range of ∼ 94.48 to ∼ (−167.87 • ). These experimental results are confirmed by calculation approaches, i.e., implementation of Eqs. (13) and (14) for the amplitude (black solid line, Fig. 9a ) and phase (purple solid line, Fig. 9b ), respectively. As a result, both experimental and calculated results generate symmetrical amplitude and monotonic phase with small deviations. The next step will be to generate a suitable reference signal by a programmed software to enable automatic reference adjustment.
Resonant frequency tracking
Tracking of the resonance frequency is performed by implementing the PLL technique, as shown in Fig. 10a . Reference subtraction from the cantilever output results in a symmetric amplitude shape (red solid line) and a monotonic phase response with no ambiguity (blue dashed line), as depicted in Fig. 10b . The monotonic phase is applicable in the PLLbased system for resonant frequency tracking. From the highest peak of amplitude, the resonance phase ϕ 0 is determined. It is subsequently used as a set point of phase. The set point value is subtracted from the measured phase difference, generating an error signal. This error signal is then used by the PID (proportional, integral, derivative) controller to calculate a new output frequency, which is expected to result in a smaller error signal. When the error signal reaches zero, the resonance frequency f 0 is found and will be tracked henceforth. Setting of the parameters K p (proportional gain), K i (integral gain), and K d (derivative gain) determines how quickly and how precisely the controller can lock the resonant frequency. The K p and K i will have the effect of reducing the rise time and eliminating the steady-state error, respectively, while K d is effective for decreasing the overshoot. However, too-high values of K p , K i , and K d will result in an unstable response; conversely, too-low values will lead to sluggish steering. Therefore, optimization is needed for these parameters to get the best tracking control, i.e., as fast and precise as possible. Two experimental setups shown in Figs. 11 and 12 were used to confirm the performance of the monotonic phase response that is obtained by subtracting the reference signal from the sensor output (i.e., the second method). In the first case, a bare silicon cantilever is used, while in the second case the cantilever was functionalized with a bilayer of ZnO and chitosan. Tracking of the resonant frequency was realized by using a lock-in amplifier with an integrated PLL system (MFLI, Zurich Instruments). For comparison, a commercial instrument to measure relative humidity (RH) and temperature (T ) (Chauvin Arnoux, CA 1246 Thermohygrometer) was used simultaneously. By these two experiments, we investigated whether the resultant monotonic phase response will yield an improved response during the resonance frequency tracking.
From the first test configuration, depicted in Fig. 11 , both T and RH are expected to generate a shift in resonant frequency. The temperature coefficient of Young's modulus and the thermal expansion coefficient are the main intrinsic parameters, which cause a change in the spring constant (k). By increasing the temperature, the spring constant k decreases, thereby causing the resonant frequency f 0 to decrease. On the other hand, an increase in humidity leads to an enhanced absorption of water molecules on the cantilever, leading to an increase in its mass and a decrease in f 0 . Thus, the effects of temperature and humidity changes will cancel out each other up to a certain level in resonance. This is evidently shown in Fig. 11 , in which the shift in resonance ( f 0 < ±80 Hz) is relatively stable especially after 30 min of tracking. Previously, larger resonant frequency shifts f = 7.275 kHz and f = 444 Hz corresponding to added masses of 0.20 µg and 38 ng under cigarette smoke exposure conditions were reported by Bertke et al. (2017a, b) . The small shift in resonance (i.e., f 0 < ±80 Hz) realized in this study makes the MEMS sensor more sensitive for the detection of particulate matter.
The second test configuration involved assessment of the resonance response and relative humidity using a cantilever and commercial sensor, respectively, under the same conditions. The cantilever is initially coated with ZnO film and chitosan. Both sensors were put in a bottle filled with chemical solutions under different saturation vapor pressures. These solutions release different humidity levels depending on the type of solution (i.e., potassium acetate: 23 %; potassium carbonate: 43 %; sodium chloride: 75.3 %; and potassium sulfate: 97.3 %). The experimental results (Fig. 12) show a good correlation between cantilever and commercial sensor in the ascending range of RH from 0 % to 60 %. Above this range, we find much worse agreement between cantilever and commercial sensor, which we assign to a slower response of the commercial sensor at large RH. In the case of the cantilever direct exposure and fast reaction of water molecules are possible with the ZnO/chitosan sensing layer, leading to an increase in adsorbed mass and thus a fast responding frequency shift. Correspondingly, on the descending part of the curve, desorption is much faster from the cantilever than indicated by the commercial hygrometer.
Conclusions
Asymmetric resonance in thermally actuated piezoresistive cantilever sensors has been successfully suppressed by adjusting the supply voltage V WB_in of the Wheatstone bridge (WB) and subtracting a reference signal. Both methods reveal monotonic phase responses that are suitable for implementation in a phase-locked-loop (PLL) system for tracking the resonant frequency of the sensor. Adjustment of V WB_in not only directly reduces the parasitic coupling effect, but also leads to increased power consumption. Further works will be necessarily done to optimize the design of the actuating-sensing components (i.e., HR and WB) as well as their operating conditions (i.e., V DC , V AC , and V WB_in ). By subtraction of a constant reference, symmetric amplitude shapes can be effectively obtained from measured asymmetric resonance signals. Monotonic phase responses earned by this technique have been employed successfully in a PLL system, resulting in effective frequency tracking under changing temperature (T ) and relative humidity (RH). However, further investigation is still necessary to implement reference signals under a wide range of conditions (e.g., in humidity measurement). Moreover, automatic adjustment of reference parameters, design of an on-chip reference, and implementation of a symmetric heat actuator design will become further challenges to be undertaken. Since 2015 he has been an associate professor at TU Braunschweig, where he is the leader of the Semiconductor Sensors and Metrology Group at the Institute of Semiconductor Technology (IHT) and the Laboratory for Emerging Nanometrology (LENA). His current research interests include design, fabrication, assembly, and testing of Micro/Nano Electro Mechanical Systems (M/NEMS) for industrial applications like condition monitoring, tactile surface and force metrology, pollution monitoring, environmental sensing, and energy harvesting. He has published more than 300 papers in international journals and conference proceedings.
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